We study the electronic structure of HgBa2Ca2Cu3O 8+δ (Hg1223 ; Tc = 134 K) using photoemission spectroscopy (PES) and x-ray absorption spectroscopy (XAS). Resonant valence band PES across the O K-edge and Cu L-edge identify correlation satellites originating in O 2p and Cu 3d two-hole final states, respectively. Analyses using the experimental O 2p and Cu 3d partial density of states show quantitatively different on-site Coulomb energy for the Cu-site (U dd = 6.5±0.5 eV) and O-site (Upp = 1.0±0.5 eV). Cu2O7-cluster calculations with non-local screening explain the Cu 2p core level PES and Cu L-edge XAS spectra, confirm the U dd and Upp values, and provide evidence for the Zhang-Rice singlet state in Hg1223. In contrast to other hole-doped cuprates and 3d-transition metal oxides, the present results indicate weakly correlated oxygen holes in Hg1223.
It is well-accepted that Mott-Hubbard correlations provide an appropriate starting point for describing the electronic structure of the CuO 2 layers. [22] [23] [24] [25] [26] [27] [28] However, the actual quantification of correlations in terms of an on-site Coulomb energy for the Cu-site(=U dd ) in comparison with that on the O site(=U pp ), and their roles in spin-charge order and superconductivity is still being investigated. In fact, using the method of Cini [6] and Sawatzky [7] (see supplementary material SM for a description of the method), it is known that U pp is large (∼5-6 eV) and quite comparable to U dd (∼ 5-8 eV) in YBa 2 Cu 3 O 7 (YBCO) [8, 9] , Bi 2 Sr 2 CaCu 2 O 8 (Bi-2212), [10] and La 2−x A x CuO 4 (A = Sr, Ba). [11] This behaviour of U pp ∼ U dd is known for oxides across the 3d transition metal(TM) series : titanium/vanadium oxides(SrTiO 3 , V 2 O 3 , VO 2 , V 2 O 5 ), [12] [13] [14] LaMO 3 (M = Mn-Ni) perovskites, [15, 16] and cuprates(including Cu 2 O and CuO). [8] [9] [10] [11] 17] A recent theoretical study on rare-earth nickelates (RNiO 3 ), using comparable values of U dd (= 7 eV) and U pp (= 5 eV), showed that the metal-insulator transition in RNiO 3 arises from a novel charge-order involving ligand holes. [42] It would be interesting to establish the relation of U dd and U pp with charge-order even for the cuprates. However, while all the above mentioned cuprate families show chargeorder, [7] [8] [9] [10] [11] to date, there is no report of charge-order in HgBa 2 Ca 2 Cu 3 O 8+δ (Hg1223) series, which shows the highest-T c (= 134 K) at ambient pressure, [43] although a clear spin gap below T* ∼230 K was reported early [12] . Given the recent resurgence of interest in the Hg-based cuprates, [44] [45] [46] [47] [48] we felt it important to quantify U dd and U pp for the optimally doped Hg1223. This would help to understand the highest T c system, motivate studies for charge order in Hg1223 and clarify its link with U dd and U pp in general.
Photoemission spectroscopy has played a vital role in elucidating the electronic structure of high-T c cuprates. High-resolution angle-resolved PES studies have revealed the Fermi surfaces, [25] a momentum-dependent pseudogap, [49, 50] a low energy kink in the band dispersion, [15] and the highly intriguing Fermi arcs [51] whose origin is still under debate. [52, 53] Core level PES in combination with model cluster calculations showed that U dd is larger than the charge-transfer energy ∆ and the low energy properties involve charge-transfer excitations in the Zaanen-Sawatzky-Allen scheme. [54, 55] The properties of all the cuprate families originate in the CuO 4 plaquette common to their layered structure. [25] The strong hybridization of the Cu 3d-O 2p states leads to the Zhang-Rice singlet(ZRS) as the lowest energy state. [24] For Bi2212 [56, 57] and for LSCO [58, 59] , core level PES and spin-polarized resonant PES studies have established the ZRS state across the superconducting dome. Since the highest T c Hg1223 system also shows the superconducting dome behavior, [44, 60] it is important to identify and characterize the ZRS state in Hg1223.
We carry out XAS and resonant PES across the O (color online) Photon energy dependent valence band PES of HgBa2Ca2Cu3O 8+δ (Hg1223) measured using hν = 21.2 eV, 524.4 eV, 926.3 eV and 1200 eV. The spectra are normalized at 5 eV BE. Inset shows the Fermi step for Hg1223 and gold reference along with a fit to the Fermi-Dirac distribution convoluted with a Gaussian function. The He I (hν = 21.2 eV) spectrum is a laboratory measurement at T = 120 K and all other spectra are measured at T = 20 K using synchrotron radiation.
K-edge and Cu L-edge of optimally doped Hg1223. The samples were prepared using a high-pressure method and characterized for their superconducting T c = 134 K (Fig.  S1 ), as reported recently. [44] The details of sample preparation, characterization and spectroscopy measurements are described in SM. [31] We also carry out off-resonant VB-PES at specific photon energies from 21.2 eV-1200 eV to conclusively determine the O 2p and Cu 3d pDOS. Using the estimated U dd and U pp , we carry out model many-body Hamiltonian calculations for a Cu 2 O 7 -cluster with non-local screening [61, 62] for the Cu 2p core level PES and Cu L-edge XAS spectra. The results show the importance of non-local screening in PES and XAS, confirm the ZRS state as well as the estimated values of U dd = 6.5±1 eV and U pp = 1.0±0.5 eV. We conclude that the highest T c cuprate exhibits an unexpectedly smaller U pp compared to U dd i.e. coexistence of weakly correlated oxygen holes and strongly correlated d-holes, which need to be considered in theoretical models addressing the highest T c in cuprates. Fig. 1 shows the valence band photoemission spectra of Hg1223 measured with ultraviolet (21.2 eV) and soft xray (∼524, ∼926 eV and 1200 eV) photons. The valence band PES of Hg-1223 measured with a photon energy of 21.2 eV (He I) shows a broad peak at 5 eV binding energy(BE) and a weak feature at 2.5 eV extending to the Fermi level, consistent with earlier work. [63, 64] Inspite of the very low intensity near E F , the Hg1223 spectra show a Fermi step indicative of a metal. The near E F Hg1223 spectrum with He I photons measured at T = 120 K is shown in the inset along with the Fermi step for gold and a Fermi-Dirac fit to the step. The superconducting gap at T = 120 K is too small to be measured with a resolution of ∼40 meV. The feature at 5 eV BE is the O 2p band and the weak feature at 2.5 eV dominantly consists of the Cu 3d states, based on band structure calculations. [65] On increasing photon energies, the feature at 2.5 eV is relatively enhanced (the spectra are normalized at the 5 eV feature), confirming the assignment. The core-levels ( Hg 4f, Ba 3d, Ca 2p and O 1s) and wide BE range valence band spectrum showing also the Hg 5d, Ba 5s-5p, Ca 3p and O 2s shallow core levels measured with hν = 1200 eV are discussed in SM (Figs. S2 and S3 ).
In Fig.2(A) , we show the Cu L 3 -edge XAS (inset shows the wide range L 3 and L 2 features), which consists of a main peak at ∼931 eV photon energy (label d) and a weak but clear feature at ∼933 eV (label g). The weak feature has been reported earlier but with much lower relative intensity. [68] We then carried out Cu 2p-3d resonant valence band PES at the photon energies labelled a − j and the spectra are correspondingly labelled and shown in Fig. 2(B) . The off-resonance spectrum a is the same as the hν = 926.3 eV spectrum of Fig. 1 . As we increase the photon energies from a to d, we see a dramatic ∼190-times increase in the intensity of feature centered at 12.8 eV BE. This corresponds to the well-known giant resonance seen in cuprates. [10] On increasing the photon energy further, we see a shift of the resonance feature as it moves to higher binding energies, with the magnitude of the energy shift tracking the increase in photon energy. This identifies the resonance feature as the Cu L 3 VV Auger state, with two final state holes(VV) in the valence band thus confirming its origin to be the Cu 3d correlation satellite. The intensity follows the XAS profile with a reduction for photon energies labelled e and f , then an increase at g, followed by a gradual reduction at higher energies.
In order to estimate the on-site U dd , we identify the dominantly Cu 3d pDOS in the valence band. We do this by subtracting out the normalized ultraviolet (hν = 21.2 eV) valence band spectrum ( which consists mainly of the O 2p pDOS ) from the soft x-ray (hν = 1200 eV) spectrum, as shown in SM Fig.S4 . We carry out a selfconvolution of the Cu 3d pDOS and compare it with the spectrum showing the resonantly enhanced Cu 3d correlation satellite which occurs at 12.8 eV BE (Fig. 3) . The spectra labelled a and b are the same as shown in Fig.  2 (B), but drawn on an expanded y-scale and normalised at the O 2s core level peak at ∼ 24 eV BE. The energy separation between the main peaks of the resonantly enhanced spectrum and the two-hole spectrum gives a measure of on-site U dd = 6.5 ±0.5 eV, consistent with earlier work on other cuprates. [8] [9] [10] [11] Next, we carry out a similar analysis to determine the on-site U pp , by measuring the O K-edge XAS and O 1s-2p resonant valence band PES (data shown in SM Fig. S5 ). The O 1s-2p resonant PES identifies the O KVV Auger feature originating in the O 2p correlation satellite, occuring at ∼11.6 eV. In Fig. 4 , we compare the self convolution of the O 2p pDOS with the spectra a − c showing the resonantly enhanced correlation satellite. The spectra labelled a − c are the same as shown in Fig. S4 , but plotted on an expanded y-scale and normalised at the O 2s peak at ∼ 24 eV BE. From the energy separation between the main peaks, we estimate an on-site U pp = 1.0 ±0.5 eV. Such a low value of U pp for 3d transition metal oxides, in general, and for hole-doped cuprates in particular, has not been reported to date. Since a large U dd coexisting with a small U pp is unusual, we checked its validity using another method.
It is well-known that the Cu 2p core-level PES is best explained by model many-body cluster calculations which go beyond a single CuO 4 plaquette by including non-local screening from a neighbouring CuO 4 plaquette. [61, 62] We have carried out such calculations for a Cu 2 O 7 cluster and compared the results with the experimentally measured Cu 2p PES. While non-local calculations for Cu L-edge XAS have shown an additional satellite feature, [61] it has not been directly compared with experiment as most cuprates show only a single peak XAS spectrum which gets broadened with doping [10, 66, 67] . However, the Hg-based cuprates have shown a weak well-separated satellite feature. [68] In the present study, we also see a clear satellite which is reproduced by calculations. The calculations (see SM for details) were carried out for the simplest case with 3 holes in the Cu 2 O 7 cluster, corresponding to 50% hole doping. plotted with the calculated spectrum. The experimental data shows a main peak consisting of two features at 933.4 eV and 934.5 eV, and broad weak intensity satellite structures between ∼939 eV to ∼946 eV. The calculated spectrum( Fig. 5(a) ) was obtained using ∆ = 1.3 eV, where ∆ is the charge-transfer energy, the O 2p-Cu 3d overlap integral t pd = 0.45 eV, the O 2p-O 2p overlap integral t pp = 0.3 eV, U dd = 6.5 eV, U pp = 1.0 eV and the Coulomb interaction due to the core hole U dc = 8.5 eV. While the calculations reproduce all the features of the experimental data but with small discrepancies for the satellite features, we use the above parameters as they give the best fit to the Cu 2p PES and L-edge XAS spectra simultaneously. We checked that the well-screened feature at 933.4 eV in the Cu 2p 3/2 main peak (the lowest BE feature) is dominated by the Cu1 cd 10
configuration (the prefix Cu1 and Cu2 identify the two Cu sites and the core hole c is created on the Cu1 site, see Fig. S6 in SM). Thus, the well-screened feature involves 'non-local' screening from the Cu2 site CuO 4 plaquette, leading to an effective ZRS state consistent with earlier work. [61, 62] The feature at 934.5 eV in the main peak is attributed to 'local' screening from the Cu1 site plaquette as it is dominated by Cu1 Fig. 5(b) shows the Cu L 3 XAS spectrum compared to calculations carried out with the same paramaters as for the Cu 2p core level PES discussed above. 
Our results thus indicate the necessity of distinguishing between U dd and U pp , which originates from dynamical screening effects at the Cu-and O-site. [28] It is known that the strength of correlations depends on the presence or absence of apical oxygens, with stronger correlations in hole-doped LSCO having apical oxygen, and weaker correlations in electron-doped NCCO, having no apical oxygen. [27] For the single-band Hubbard model, a very recent extension showed that U dd is proportional to the inverse of the bond distance between apical oxygen and copper atoms even for the Hg-based cuprates. [47] Since Hg1223 has 3 Cu-O layers : the inner layer has no apical oxygen and the two outer layers has pyramidal CuO 5 coordination, the effective correlations are weakest in the Hg1223 system quite like the electron-doped cuprates. [47] In addition, in the only study of a three band model expicitly including U dd and U pp , it was shown that the static U dd = 7.0 eV and U pp = 4.64 eV for La 2 CuO 4 . [28] The authors also discussed that the frequency dependent local self-energy is larger for the Cu site with 4 nearest neighbour oxygens, and smaller for the O site with 2 nearest neighbour Cu atoms. Finally, since the charge carriers in the hole-doped cuprates have large O 2p hole character, coexistence of a small U pp and large U dd suggests pairing would be favored for the weakly correlated oxygen holes in the highest-T c Hg1223 cuprate.
In conclusion, resonant valence band PES across the O K-edge and Cu L-edge identify correlation satellites due to two-hole final states in Hg1223. Analyses using the measured O 2p and Cu 3d partial DOS show that on-site Coulomb energy for the O-site (U pp = 1.0±0.5 eV) is much smaller than that for Cu-site (U dd = 6.5±0.5 eV). Cu 2 O 7 -cluster calculations with non-local screening for the Cu 2p core level PES and Cu L-edge XAS spectra are used to confirm the U dd and U pp values, and provide evidence for the Zhang-Rice singlet state in optimally doped Hg1223. In contrast to known results of U pp ∼ U dd for other hole-doped cuprates as well as 3d-transition metal oxides in general, the present results indicate weakly cor-related oxygen holes in the highest-T c cuprate Hg1223. Experimental details of the sample preparation, characterization and the spectroscopy measurements:
The polycrystalline Hg1223 sample was prepared from a mixture of HgO and a precursor. The precursor was prepared from BaCO 3 , CaCO 3 , and CuO at 950 C in flowing high-purity oxygen gas. It was found necessary to use a slightly Hg-deficient starting composition of Hg 0.75 Ba 2 Ca 2 Cu 3 O y (HgO : Ba 2 Ca 2 Cu 3 O y = 0.75 : 1) to avoid impurity phases.[S1] The mixture was pressed into a cylindrical pellet, charged into a gold capsule, and then heated at 830 C under 2 GPa for 30 min, using a cubic-anvil high-pressure apparatus (TRY Engineering, 180-ton press). The powder X-ray diffraction patterns confirmed the single phase of Hg1223. Ultraviolet (UV)-PES using a He I discharge lamp was carried out at University of Lorraine. The spectrometer is equipped with a Gammadata-Scienta SES2002 hemispherical electron analyzer. The sample was cooled using a flowing liquid nitrogen cryostat and the sample temperature was T = 120 K. The total energy resolution was 40 meV for the UV-PES measurements. Soft x-ray PES measurements were carried out at beamline BL17SU, SPring-8 using incident photon energies of hν = ∼524 eV-1200 eV and a spectrometer equipped with a Gammadata-Scienta SES2002 hemispherical electron analyzer. The total energy resolution was about 160 -280 meV for the SX-PES measurements. XAS measurements were recorded in the total electron yield mode. SX-PES measurements were carried out at a sample temperature of T = 20 K obtained using a flowing liquid He cryostat. The measurements were carried out in a vacuum below 4 x 10 −8 Pa and clean sample surfaces were obtained by cleaving the sample. For the UV-PES measurements, the cleaving was done in the preparation chamber at room temperature and the sample was transferred immediately into the analysis chamber and cooled, while for the SX-PES, XAS and Resonant-PES measurments, the cleaving was carried out in-situ at T = 20 K. The spectra were calibrated using the Fermi level (E F ) measured from a gold film evaporated onto the sample holder. The Resonant-PES measurements were also calibrated by measuring the gold spectrum at the start and end of every cycle of photon energies used for the Cu L-edge and O K-edge measurements.
Core level PES and wide range valence band PES measurements:
FIG. S2. (color online)
The soft x-ray core level photoemission spectra of (a) Hg 4f, (b) Ba 3d , (c) Ca 2p and (d) O 1s of HgBa2Ca2Cu3O 8+δ , measured at T = 20 K using an incident photon energy of hν = 1200 eV. Fig. S2(a-d) shows the core levels of Hg 4f, Ba 3d , Ca 2p and O 1s, respectively, measured at T = 20 K using a photon energy hν = 1200 eV. The Hg 4f (Fig.  S2(a) ) spectrum exhibits clean single peaks for the Hg 4f 7/2 and 4f 5/2 spin-orbit split levels, occuring at 100.8 eV and 104.8 eV. These values are typical of Hg 2+ states as in HgO. [S2] This result rules out the presence of Hg 3+ , and hence mixed valency of Hg ions in Hg1223, which was claimed in an early study based on Hg 4f levels showing doublet features for the 4f 7/2 and 4f 5/2 levels. [S3] We believe the difference between the present study and earlier work stems from the fact that we have used a high pressure synthesis and we obtain optimally doped samples with a T c = 134 K, which corresponds to a hole doping p = 0.2.[S1] In contrast, the earlier study, which used samples made by a solid state reaction method, had inferred their sample to be underdoped based on an analysis that Hg 3+ would effectively remove holes. . S3 shows the wide range valence band spectrum of Hg1223 measured at T = 20 K using hν= 1200 eV. The spectrum shows the shallow core levels of Ba 5s at about 29 eV, the O 2s peak at 23.5 eV, and the Ca 3p at 20 eV binding energy. The Ba 5p 3/2 and 5p 1/2 doublet is observed at 13.3 eV and 14.8 eV, respectively, while the Hg 5d 5/2 and 5d 3/2 levels are seen at 8.5 eV and 10.1 eV binding energies. The valence band consisting of the Cu 3d and O 2p states occurring between the Fermi level and about 6 eV binding energy are discussed in detail in Fig. 1 of the main paper, which compares the   FIG. S4 .
(color online) (A) The Cu 3d pDOS of HgBa2Ca2Cu3O 8+δ was experimentally determined by comparing the valence band spectra measured using hν = 21.2 eV and hν = 1200 eV. The spectra are normalised at 5.0 eV binding energy corresponding to the feature assigned to dominantly O 2p character states. The difference spectrum between hν = 21.2 eV and hν = 1200 eV spectra provides a measure of the dominantly Cu 3d pDOS.
valence band spectra obtained using incident photon energies of hν = 21.2 eV, 524.4 eV, 926.3 eV and 1200 eV. Based on atomic cross-sections as a function of incident photon energy, the photon energy dependence indicates that the 5 eV feature seen in the hν = 21.2 eV spectrum is dominated by the O 2p partial density of states (pDOS). This is consistent with band structure calculations of Hg1223. [S5] In order to separate out the O 2p and Cu 3d states, in Fig. S4 we plot the spectrum measured using hν = 21.2 eV with the hν = 1200 eV spectrum. The spectra are normalized at 5 eV binding energy corresponding to the feature due to dominantly O 2p states. The difference spectrum obtained by subtracting the hν = 21.2 eV from the hν = 1200 eV spectrum is representative of the dominantly Cu 3d pDOS (Fig. S4) . A numerical self-convolution of the obtained Cu 3d pDOS is carried out to obtain the two hole spectrum and compared with the spectrum showing the Cu 3d correlation satellite, as shown in Fig. 3 of the main paper.
Cini-Sawatzky method for estimating on-site
Coulomb energy:
Early work by Cini [S6] and Sawatzky [S7] showed that on-site Coulomb energies can be quantified and the method has been applied to several TM oxides.[S8-S17] The method is : determine the one-electron removal (single-hole) valence band (VB) partial density of states(pDOS), numerically evaluate the two-valence-hole energies as a self-convolution of the single-hole states, and then compare with the measured correlation satellite associated with the two-valence-hole (VV) Auger final state for estimating the site-specific Coulomb energies in com- pounds. We follow the same procedure for obtaining U dd and U pp via measurements of the O 2p and Cu 3d VB pDOS, and the O KVV and Cu LVV Auger spectra.
O K-edge XAS and O 1s-2p resonant valence band PES measurements:
In Fig. S5(A) , we show the O K-edge XAS which exhibits a two peak structure at ∼528 eV and ∼530 eV photon energies (labelled d and f ). These two peaks are due to O 2p states hybridized with Cu 3d states and are attributed to the doped hole states and the upper Hubbard band, respectively.[S19, S20] The higher lying features at ∼533 eV-536 are due to the Hg-Ba-Ca pcharacter states. We then carried out O 1s-2p resonant valence band PES at the photon energies labelled a − g and the spectra are correspondingly labelled and shown in Fig. S5(B) . The off-resonance spectrum a is the same as the hν = 524.4 eV spectrum of Fig. 1 . As we increase the photon energies from a to g , we see a systematic evolution of the valence band spectra. In particular, at the energy c = 527.6 eV, we see a clear high intensity feature centered at 11.6 eV BE. On increasing the photon energy further, we see a shift of this feature to higher binding energies, with the magnitude of the energy shift tracking the increase in photon energy. This identifies the resonance feature as the O KVV Auger state, with two final state holes(VV) in the valence band. This confirms its origin to be the O KVV correlation satellite and we analyse it further to obtain an on-site U pp = 1.0 ±0.5 eV, as discussed in the main text (Fig. 4) .
Model many-body calculations including non-local screening for a Cu2O7 cluster :
We have carried out model many-body Hamiltonian calculations for the Cu 2p XPS and Cu L-edge XAS using a Cu 2 O 7 cluster with non-local screening, following the work of Veenendaal et al [S18] . We consider the simplest case of hole doping, namely, one extra hole in the Cu 2 O 7 cluster where the undoped reference state has one hole per Cu site. Thus, we have three holes in the Cu 2 O 7 cluster corresponding to a hole-doping content of 50%. We use the notation for the Cu 2 O 7 cluster(see Fig. S6 ) with the Cu site in the left CuO 4 plaquette labelled as Cu1 and that in the right CuO 4 plaquette is labelled as Cu2.
For the assumed case of the core hole on the Cu1 site, the purely ionic character state is given by | Cu1 
which have local and non-local screening. The nonlocal screening indicates that the more stable configuration requires the ligand hole screening on the Cu2 site and represents the Zhang-Rice singlet (ZRS) state. [S18] As discussed in the introduction, it has been shown that the ZRS state survives in the doped hole case using core level PES [S21, S22] and spin-polarized resonant photoemission measurements. [S23] In spite of the restricted number of basis states, we found that these basis states were sufficient to reproduce all the features in the experimental Cu 2p 3/2 PES and Cu L 3 -edge XAS spectra as shown in Fig. 5 and discussed in the main paper.
In order to further check the validity of the estimated U dd and U pp values, we have carried out an extensive check by varying U dd and U pp and keeping all other parameters fixed. The results are shown in Figs. S7 and S8. Fig. S7 shows the variation of the calculated Cu 2p 3/2 X-ray photoemission spectra as a function of the on-site U dd , which was varied from the optimal value of U dd = 6.5 eV down to U dd = 1.0 eV, keeping all other parameters fixed. The calculations do not show much change down to a U dd value of 4 eV, but on reducing U dd further, the calculated spectra start showing deviations from the experimental Cu 2p spectrum of HgBa 2 Ca 2 Cu 3 O 8+δ . In particular, for U dd < 4 eV, the energy separation between the main peaks consisting of the dominantly local (BE = 934.5 eV) and non-local (BE (933.4 eV) screened states increase on decreasing U dd . Simultaneously, the intensity of the locally screened feature gets reduced compared to the non-locally screened feature. The ionic character satellites do not show much change for the entire range of U dd investigated here. This result indicates that U dd ≥ 4 eV is consistent with the data. . S8 shows the variation of the calculated Cu 2p X-ray photoemission spectra as a function of the on-site U pp , varied from 1 to 6.5 eV. In this case, the calculations start showing changes compared to the experimental spectra for U pp ≥ 3 eV. In particular, the energy separation between the main peaks consisting of the dominantly local ( BE = 934.5 eV) and non-local (BE = 933.4 eV) screened states smoothly increase on increasing U pp . Simultaneously, the intensity of the non-locally screened feature gets reduced compared to the locally screened feature. The ionic character satellites again show hardly any change for the range of U pp values investigated. This result indicates that U pp < 3 eV is consistent with the data.
